Abstract
spores, and pollen species analyzed by the WIBS and with respect to fluorescent particle type.
135
Fluorescent particles observed in the atmosphere have frequently been used as a lower-limit 136 proxy for biological particles (e.g. Huffman et al. 2010 ), however it is well known that a number 
141
The simplest level of analysis of WIBS data is to provide the number of particles that exceed 142 the minimum detectable threshold in each of the three fluorescence categories. Many papers on i.e. users often must write data analysis code themselves and processing large data sets can push 148 the limits of standard laboratory computers. Discriminating based on fluorescence intensity also 149 requires more detailed investigations into the strategy by which fluorescent thresholds can be 150 applied to define whether a particle is considered fluorescent. Additionally, relatively little 151 attention has been given to the optical properties of non-biological particles interrogated by the 152 WIBS and to optimize how best to systematically discriminate between biological aerosol of 153 interest and materials interfering with those measurements.
154
Here we present a comprehensive and systematic laboratory study of WIBS data in order to 155 aid the operation and data interpretation of commercially available UV-LIF instrumentation. This 156 work presents 69 types of aerosol materials, including key biological and non-biological the electrical pulse detected by a photomultiplier tube (PMT) located at 90 degrees from the laser 172 beam. Particles whose measured cw laser-scattering intensity (particle size) exceed user-173 determined trigger thresholds will trigger two xenon flash lamps (Xe1 and Xe2) to fire in 174 sequence, approximately 10 microseconds apart. The two pulses are optically filtered to emit at 175 280 nm and 370 nm, respectively. Fluorescence emitted by a given particle after each excitation 176 pulse is detected simultaneously using two PMT detectors. The first PMT is optically filtered to 177 detect the total intensity of fluorescence in the range 310-400 nm and the second PMT in the 178 range 420-650 nm. So for every particle that triggers xenon lamp flashes, Xe1 produces a signal (1)
193
This parameter relates to a rough estimate of the sphericity of an individual particle by grouped into one set of particles analyzed and are hereafter referred to as "soot" samples. 
Brown carbon synthesis

268
Three different brown carbon solutions were synthesized using procedures described by previously, so only specific concentration and volumes used here are described. All solutions 272 described are aqueous and were dissolved into 18.2 MΩ water (Millipore Sigma; Denver, CO). to follow the appropriate chemical mechanism (Powelson et al., 2014 was balanced by outlet through a particle filter connected through a bulkhead on the top plate.
308
Two additional rubber septa in the top plate allow the user to manipulate two narrow metal 309 rods to move the agar plate once spores were depleted from a given region of the colony. After 310 each spore experiment, the chamber and tubing was evacuated by pumping for 15 minutes, and 311 all interior surfaces were cleaned with isopropanol to avoid contamination between samples. 
Smoke generation
358
Wood and cigarette smoke samples were aerosolized through combustion. Each sample was 359 ignited separately using a personal butane lighter while held underneath a laboratory fume hood.
360
Once the flame from the combusting sample was naturally extinguished, the smoldering sample 361 was waved at a height ~5 cm above the WIBS inlet for 3-5 minutes during sampling. 
Pollen microscopy
363
Pollen samples were aerosolized using the dry powder vial (P1, P2) and tapping (P3) The WIBS is routinely used as an optical particle counter applied to the detection and 372 characterization of fluorescent biological aerosol particles (FBAP). Each interrogated particle 373 provides five discreet pieces of information: fluorescence emission intensity in each of the 3 374 detection channels (FL1, FL2, and FL3), particle size, and particle asymmetry. Thus, a thorough 375 summary of data from aerosolized particles would require the ability to show statistical 376 distributions in five dimensions. As a simple, first-order representation of the most basic 377 summary of the 69 particle types analyzed, Figure 2 and Table 1 show median values for each of 378 the five data parameters plotted in three plot styles (columns of panels in Fig. 2 ).
379
For the sake of WIBS analysis, each pollen type was broken into two size categories, because
380
it was observed that most pollen species exhibited two distinct size modes. The largest size mode 381 peaked above 10 µm in all cases and often saturated the sizing detector (see also fraction of 382 particles that saturated particle detector for each fluorescence channel in Table 2 ). This was 383 interpreted to be intact pollen. A broad mode also usually appeared at smaller particle diameters
384
for some pollen species, suggesting that pollen grains had ruptured during dry storage or through 385 the mechanical agitation process. This hypothesis was supported by optical microscopy through 386 which a mixture of intact pollen grains and ruptured fragments were observed (Fig. S2 ). For the 387 purposes of this investigation, the two modes were separated at the minimum point between 388 modes in order to observe optical properties of the intact pollen and pollen fragments separately.
389
The list number for each pollen (Tables 2, S1 ) is consistent for the intact and fragmented species,
390
though not all pollen exhibited obvious pollen fragments.
391
The WIBS was developed primarily to discriminate biological from non-biological particles,
392
and the three fluorescence channels broadly facilitate this separation. Biological particles, i.e. .
451
Because the bacteria here were aerosolized and detected immediately after washing from growth contrast to reports using other UV-LIF instruments, suggest that the WIBS-4A is highly sensitive 455 to the detection of bacteria using 280 nm excitation (only FL1 emission), but less so using the of particles that were observed to saturate the fluorescence detector in each channel.
485
The representation of median values for each of the five parameters (Fig. 2) shows broad 486 separation between particle classes, but discriminating more finely between particle types with 487 similar properties by this analysis method can be practically challenging. Rather than and Dust 4) are relatively similar and show ~75% fluorescent particles <4 µm, with particle type 512 divided nearly equally across the A, B, and AB particle types (Fig. S4I) represented by B, C, BC particle types, but at intensity only marginally above the threshold value 521 and at 0% detector saturation in each channel.
522
Several types of non-biological particles, specifically brown carbon and combustion soot and compounds similar to the brown carbon analyzed here could heavily influence the smoke particle 545 signal.
546
Biological particle types were chosen for Figure 3 to show the most important trends among 547 all particle types analyzed. Two pollen are shown here to highlight two common types of 548 fluorescence properties observed. Pollen 9 (Fig. 3a) shows particle type transitioning between A, AB, and ABC as particle size gets larger. Pollen 9 (Phleum pretense) has a physical diameter of 550 ~35 µm, so the mode seen in Figure 3a may be a result of fragmented pollen and due to the upper 551 particle size limit of WIBS detection, intact pollen cannot be detected (Pöhlker et al., 2013) .
552
Pollen 8 (Fig. 3d) shows a mode peaking at ~10 µm in diameter and comprised of a mixture of 553 B, AB, BC, and ABC particles as well as a larger particle mode comprised of ABC particles. The
554
large particle mode appears almost monodisperse, but this is due to the WIBS ability to sample 555 only the tail of the distribution due to the upper size limit of particle collection (~20 µm as 
Fluorescence intensity varies strongly with particle size
568
An extension of observation from the many particle classes analyzed is that particle type (A,
569
AB, ABC, etc.) varies strongly as a function of particle size. This is not surprising, given that it 570 has been frequently observed and reported that particle size significantly impacts fluorescence 
582
The general trend of fluorescence dependence on size is less pronounced for FL1 than for 583 FL2 and FL3. This can be seen by the fact that the scatter of points along the FL1 axis in Figure   584 2b is not clearly size-dependent and is strongly influenced by particle type (i.e. composition 585 dependent). In Figure 2c , however, the median points cluster near the vertical (size) axis and 586 both FL2 and FL3 values increase as particle size increases. It is important to note, however, that 587 the method chosen for particle generation in the laboratory strongly impacts the size distribution shown here is not a key message, the relative fluorescence at a given size can be informative. As discussed, each individual particle shows increased probability of exhibiting fluorescence 594 emission above a given fluorescence threshold as size increases. Using Pollen 9 (Phleum 595 pratense, Fig. 3a increases. The same general trend can be seen in many other particle types, for example Pollen 8
604
(Alnus glutinosa, Fig. 3d ), Fungi 1 (Aspergillus brasiliensis, Fig. 3b ), and to a lesser degree
605
HULIS 3 (Suwannee fulvic acid, Fig. 3j ) and Brown Carbon 2 (Fig. 3i) . The "pathway" of 606 change, for Pollen 9, starts as A-type at small particle size and adds B and eventually ABC
607
(AABABC), whereas Pollen 8 starts primarily with B-type at small particle size and 608 separately adds either B or C en route to ABC (BAB or BCABC). In this way, not only is 609 the breakdown of fluorescence type useful in discriminating particle distributions, but the 610 pathway of fluorescence change with particle size can also be instructive.
611
To further highlight the relationship between particle size and fluorescence, four kinds of 612 particles (Dust 2, HULIS 5, Fungi 4, and Pollen 9) were each binned into 4 different size ranges,
613
and the relative number fraction was plotted versus fluorescence intensity signal for each channel 614 (Fig. 4) . In each case, the fluorescence intensity distribution shifts to the right (increases) as the 615 particle size bin increases. This trend is strongest in the FL2 and FL3 (middle and right columns 616 of Fig. 4) for most particle types, as discussed above.
617
The fact that particle fluorescence type can change so dramatically with increasing particle 618 size becomes critically important when the Perring-style particle type classification is utilized for 
624
This was an important first step, however, differentiation becomes more challenging when broad Biofluorophore 11 (tryptophan) follows the pathway ABCABC.
647
By extension, the choice of threshold bears heavily on how a given particle breakdown 648 appears and thus how a given instrument may be used to discriminate between biological and 649 non-biological particles. A commonly made assumption is that particles exhibiting fluorescence 650 by the WIBS (or UV-APS) can be used as a lower limit proxy to the concentration of biological 651 particles, though it is known that interfering particle types confound this simple assumption 
748
By analyzing the five WIBS data parameter outputs for each interrogated particle, we have taken to limit comparison within a narrow range of particle sizes in order to reduce complexity 758 due to differing composition or fluorescence intensity effects.
759
The fluorescence threshold applied toward binary categorization of fluorescence or non- for other instrument users when comparing against laboratory-generated particles or for use in 793 ambient particle interpretation.
794
It should be noted, however, that the presented assessment is not intended to be exhaustive,
The study presented here is meant broadly to achieve two aims. The first aim is to present a 811 summary of fluorescent properties of the most important particle types expected in a given 
